Abstract. Ultrasonic irradiation was employed for the degradation of trihalo--methanes (THMs) CHCl 3 , CHBrCl 2 , CHBr 2 Cl, CHBr 3 , and CHI 3 . The effects of various reaction and sonication conditions on the sonodegradation of THMs were examined and explained by the principles of sonochemistry. Batch experiments were conducted at an ultrasonic frequency of 20 kHz and power of 18.4 W. The sonodeg--radation rate of the THMs increased with increasing the solution temperature or the acoustic intensity, whereas aqueous solution pH, solute concentration up to 10 mg/L, and water quality did not affect the sonolytic destruction of the THMs. Ultrasonic removal of CHCl 3 , CHBrCl 2 , CHBr 2 Cl, and CHBr 3 was not affected by the presence of other compounds as a mixture in the aqueous solution, while CHI 3 sonolysis was enhanced. Hydrogen peroxide, nitrate, chloride, bromide, and iodide were identified and quantified as the reaction inorganic products. Degradation rates and efficiencies followed the decreasing order of: CHCl 3 > CHBrCl 2 > CHBr 2 Cl > CHBr 3 > CHI 3 , while the electrical energy consumed per liter of contaminated aqueous solution treated was found to be in inverse order.
INTRODUCTION
Ultrasound has a broad range of commercial applica--tions including medical imaging, welding, emulsificattion, cleaning, polymerization, and depolymerization. 1 In recent years the application of ultrasonic irradiation for destruction of organic contaminants in water has been studied.
Sonochemistry is the chemical effect of ultrasound, which is driven from acoustic cavitation: the forma--tion, growth, and implosive collapse of bubbles in a liquid. 2 As a result of the cavitational bubble implosion, extreme temperatures, as high as 5200 K inside the collapsing cavity and about 1900 K in the interfacial region between the solution and the collapsing bubble, are generated. The pressures inside the collapsed bubble can reach 500 atm. 1 Cavitational collapse produces enormous heating and cooling rates (>10 9 K/s) in micro--scopic scale. Thus, it creates extraordinary short-lived (<2 µs) physical and chemical conditions in otherwise cold liquids. 2 Free radicals are formed due to thermal dissociation of water molecules during the collapse of the bubbles. In addition, the strong oxidizing agents hydrogen peroxide and ozone are formed, as a result of reactions either between free radicals or oxygen mol--ecules, a phenomenon that can induce further chemical reactions. The chemical reactions can occur in the gas phase in the cavity interior, the bubble interface, or the bulk solution. Pollutants can be degraded by two pos--sible reaction mechanisms, oxidation by hydroxyl radi--cals (•OH), or thermal pyrolysis in the bubble interior, or by a combination of the two. 1 Ultrasonic degradation of organic compounds in dilute aqueous solution depends on the nature of the organic material and at the same time on the sonica--tion conditions. Hydrophobic and volatile organic compounds are expected to degrade mainly by thermal decomposition, while hydrophilic and less volatile com--pounds are expected to degrade mainly via oxidation by •OH radicals. 3 The sonication conditions include acoustic frequency and intensity, bubbled gas, external temperature and pressure, solution pH, contact time, and solute concentration.
Trihalomethanes (THMs), which are considered as priority pollutants by the US EPA, are non-biode--gradable and therefore, often found in contaminated groundwater. A destructive method for THM removal from drinking water supplies is necessary, since in most physicochemical treatments the THMs are removed from the aqueous medium but are not destroyed.
Sonochemical removal of chlorinated C1 and C2 hydrocarbons, mainly carbon tetrachloride (CCl 4 ), trichloroethylene (C 2 HCl 3 ), and tetrachloroethylene (C 2 Cl 4 ), has been studied. [4] [5] [6] Among the THMs only the sonolysis of chloroform (CHCl 3 ) was investigated extensively. 4, 5, [7] [8] [9] Ultrasonic irradiation has the potential of becoming an effective method for treatment of contaminated wa--ter due to its simple apparatus requirements. The sono--chemical destruction can be achieved at ambient condi--tions, without the addition of chemical additives to the treated water. Often the sonochemical reaction requires fewer steps than conventional treatment methods, and no pre-treatment is necessary. 10 Sonication can be ap--plied as a full on-site process with a partial or complete destruction of pollutants, avoiding disposal, recycling, or combustion as additional processes.
In this study the sonolytic destruction of the THMs bromoform (CHBr 3 ), chloroform (CHCl 3 ), dibromoch--loromethane (CHBr 2 Cl), bromodichloromethane (CHBrCl 2 ), and iodoform (CHI 3 ) from aqueous solutions by ultrasonic irradiation was investigated. The effects of various reaction and sonication conditions on the sono--degradation of THMs were examined and explained by the principles of sonochemistry.
EXPERIMENTAL

Chemicals
Chloroform was purchased from Merck, Germany; reagent grade dibromochloromethane and bromodichloromethane from Fluka, Germany; bromoform reagent grade from DBH chemicals, England; iodoform (99%) from Aldrich, USA; and pentane from Riedel-deHaën, Germany. All reagents were used without further purification.
Experimental Setup
A 100-mL aqueous solution was sonicated, in a 200-mL conical closed glass vessel, with a 20-kHz Sonics and Mate--rials VCX-400 vibracell sonicator. The reaction vessel was placed in a temperature-controlled bath resulting in a solution temperature of 25 ± 0.5 °C. Power absorbed by the solution was determined calorimetrically 11 as 18.4 W. Acoustic inten--sity and power density were 3.75 W/cm 2 and 0.184 W/mL respectively. Samples were extracted every 20 min from the aqueous solution using a sampling Teflon tube and glass sytringe. Sonication began 10 min after the reaction vessel was sealed, and continued for up to 180 min continuously. Aque--ous solutions were prepared in deionized water at initial pH of 5.4-5.8 without buffer addition. All the above parameters were kept constant unless defined otherwise.
Control experiments, conducted in the absence of ultra--sonic irradiation, showed insignificant losses of the THMs via volatilization to the reaction vessel headspace.
Analyses were carried out on a Varian CP8410 gas chro--matograph with a capillary column of 30 m, film thickness 0.25 µm, and ID 0.32 mm. Helium was used as a carrier gas, with a flow rate of 2 mL/min. Oven temperature was increased from 40 °C by 12 °C/min ramp, to 90 °C, and by 20 °C/min, to 160 °C. Aqueous samples containing CHBrCl 2 , CHBr 2 Cl, CHBr 3 , and CHI 3 were extracted using pentane.
12 CHCl 3 was extracted using methyl tertiary butyl ether (MTBE) combined with sodium sulfate salt. 13 Anions were determined by Dionex Al 405 ion chromatograph, with IonPac AS11 column.
RESULTS AND DISCUSSION
Reaction Kinetics
THM concentration decreased exponentially with sonication time. The linear regression of the logarithm of the concentration versus time indicated firsttorder kinetics for the sonodegradation of the THMs, as shown in Fig. 1 
Process Parameters
Sonochemical destruction of THMs under air atmo--sphere and varied process parameters such as pH, tem--perature, ultrasonic intensity, and initial concentration was studied. It was found that THM destruction rates increased with increasing the medium temperature or the intensity of the ultrasonic energy. An increase of temperature, from 15 °C to 37 °C, favored the reac--tion kinetics (Fig. 2) , although temperatures as high as 5000 K are generated inside the collapsing cavitation bubbles and 1900 K in the interfacial region of the bubble. 1 These results might suggest that the medium temperature influences the diffusion rates of the THM molecules from the bulk solution to the cavitation bub--bles' gas phase and the interfacial regions; and the dif--fusion of free radicals and oxidants, which are formed within the cavitation bubbles, to the bubbles' interfacial region and to the bulk solution. 15 An increase in the acoustic intensity, from 0.88 W/cm 2 to 6.97 W/cm 2 , resulted in greater sonolysis destruction of the THMs (Table 2) since temperature, pressure, and collapse time are all dependent on acoustic amplitude. [16] [17] Aqueous solution pH (3, 5, 7, and 10) had no signifitcant effect on the sonolysis of the THMs. The THMs do not undergo ionization, and hence are not affected by the solution pH values. 18 THM sonodegradation was not affected by the solute concentration in the range from 0.1 mg/L to 10 mg/L, while it decreased as the initial substrate concentration was increased to 100 mg/L, as shown in Table 1 . Sol--ute concentration in the aqueous solution influences its concentration in the cavitation bubble and therefore af--fects the sonolysis rate and efficiency. Furthermore, the distribution proportionality of volatile compound con--centration between the cavitation bubble and the aque--ous solution is controlled by the diffusion coefficient in water, rather than by the Henry's law constant. 19 
Effect of Matrix Composition
Water qualities such as hardness, alkalinity, dis--solved inorganics, and mixtures of organics potentially affect the rate of pollutant sonodegradation. . Alkalinity, which originated from bi--carbonate ions, was 12.6 meq/L. The effect of the inor--ganic composition on the THM decomposition rate ap--peared to be negligible, as indicated by the similar rate constants, as presented in Table 3 . In both aqueous ma--trices (deionized and synthetic waters) within 180 min of sonication, 100% of the CHCl 3 was sonochemically removed, while 97%, 92%, and 80% of the CHBrCl 2 , CHBr 2 Cl, and CHBr 3 were sonodegraded, respectively. Only 60% sonolysis of the CHI 3 was achieved.
The nontspecificity of the ultrasonic destructive protcess and organic matter effect was established by treat-- 
Hydrogen Peroxide and Nitrite Ion Sono-formation
During the ultrasonic irradiation hydrogen peroxide and nitrate ions are formed as by-products. H 2 O 2 for--mation is the result of reaction between free radicals in the interfacial region of the cavitation bubble, 21 as pre--sented in eqs 1 and 2. The •OH and HO 2 • radicals are formed due to thermolysis of water during the bubble's collapse.
•OH + •OH → H 2 O 2 (1)
Under the conditions of the present study, the concen--trations of H 2 O 2 produced in the presence and absence of THMs were 2.41 mg/L and 1.95 mg/L, respectively. It appears that the H 2 O 2 contribution to the THMs' degradation is minor. These results correlate with the pyrolytic degradation mechanism of CHCl 3 , CHBrCl 2 , CHBr 2 Cl, and CHBr 3 . 20 Hence, H 2 O 2 does not play a significant role in the sonolysis of the THMs.
A total of 2.8 mg/L nitrate ions was measured at the end of 180 min of sonication of the mixture of the five THMs. Nitrite and nitrate ions were also identitfied during sonication of deionized water. Furthermore, the nitrate formation rate during THM sonication was similar to the sum of the formation rates of nitrite and nitrate during the deionized water sonication, 0.0159 ± 0.00014 mg/min L and 0.0149 ± 0.00014 mg/min L, re--spectively. It can be assumed that radicals formed from the THMs' degradation oxidize the nitrite into nitrate. Air nitrogen inside the gas phase of the cavitation bub--ble reacts with hydroxyl radicals and molecular oxygen to form nitric oxides. The nitric oxides undergo further reactions either in the gas-phase or in the interfacial re--gion of the cavitation bubble, resulting in the formation of nitrous and nitric acids. 22 
Dehalogination
The presence of halide ions in the aqueous medium was considered as an indication of the ultrasonic de--composition of the THMs, via C-halogen bond destruct t tion. The calculated percentage of Cl -ions released, as compared to the stoichiometric amount, from CHCl 3 , CHBrCl 2 , and CHBr 2 Cl was 93%, 88%, and 82%, re--spectively. Correspondingly, the percentage of bromide ions released to the aqueous solution from CHBrCl 2 , CHBr 2 Cl, and CHBr 3 was 88%, 84%, and 76%, respec--tively. Only 39% of I -was released from the CHI 3 mol--ecules at the end of 180 min of sonication.
Electrical Energy Consumption
The electrical energy required to degrade a unit mass of the THMs (E EM ) was estimated by eq 3.
(3)
where E EM is the electrical energy per mass (mg/kW h), the energy absorbed by the aqueous solution was calcu--lated by using the calorimetric method, 11 and reaction time was determined experimentally for approximately 90% destruction of the organic compound.
The calculated E EM values are directly related to the energy efficiency of the sonication system. Electrical energy is converted into vibrational energy, i.e., me--chanical energy (sound waves), which also produces heat and promotes mixing of the solution. Therefore, it is important to refer to the actual energy absorbed by the aqueous medium, which reflects the energy efficiency of each sonication system. The energy efficiency of the experimental system was 15.3%, calculated by divid--ing the power absorbed by the aqueous solutions with the product of sonicator maximum output and probe amplitude. 24 Based on the calculation of eq 3, it was de--termined that the electrical energy of 1 kW h removed 33.6 mg CHCl 3 , 17.2 mg CHBr 3 , and only 6.2 mg of the CHI 3 .
Dividing E EM by the initial concentration of the THM enables one to calculate the electrical energy (kW h) Fig. 3 .
Sonodegradation Efficiency
Sonodegradation efficiencies and rates follow the detcreasing order: CHCl 3 > CHBrCl 2 > CHBr 2 Cl > CHBr 3 > CHI 3 , which correlates with their volatility. Highly volatile compounds such as CHCl 3 (Vp 26.3 kPa) are more rapidly sonodegraded than semi-volatile or non--volatile compounds such as CHI 3 (Vp 0.005 kPa), due to their tendency to enter the cavitation bubble gas phase more rapidly and therefore undergo thermal degrada--tion more effectively. 25 Furthermore, the efficiency by which a solute reacts with hydroxyl radicals generated in ultrasonic reaction mixtures is related to its hydro--phobicity; the greater the hydrophobicity, the more effitcient the solute as a radical scavenger. 26 CHI 3 is the most hydrophobic among the THMs studied. Its determined degradation mechanism was radical oxidation, whereas the less hydrophobic and more volatile THMs were so--nodegraded mainly by pyrolytic reactions.
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CONCLUSIONS
The trihalomethanes were sonochemically removed from aqueous solutions. Degradation rates and efficientcies followed the decreasing order: CHCl 3 > CHBrCl 2 > CHBr 2 Cl > CHBr 3 > CHI 3 . The electrical energy consumed in order to remove 90% of the initial con--centration of each THM (10 mg/L) followed the inverse order. Sonodegradation of the THMs increased as the aqueous solution temperature or acoustic intensity were increased. Aqueous solution pH, solute concentration up to 10 mg/L, and inorganic composition did not affect the sonolysis of the THMs. CHI 3 sonolysis was enhanced in the presence of the other THM compounds in a mixture. Hydrogen peroxide, nitrate, chloride, bromide, and iodide were identified as the inorganic products of the ultrasonic degradation.
